The objective of this study is to prepare SPEEK/Cloisite15A®/TAP nanocomposite membranes and to characterize their physicochemical properties as polymeric electrolyte nanocomposites. SPEEK membranes with various degrees of sulfonation (DS) were first prepared. Subsequently, 1 wt. % of Clois.ite15Ae and 2,4, e-trlamlnopyrnnldlne (TAP), respectively, were introduced into the SPEEK matrices via solution intercalation method. The Cloisite15A® and TAP additives were used as reinforcing material for the SPEEK/Cloisite15Ae/TAP (SP/eL/TAP) nanocompcsite membranes in terms of the barrier properties, swelling and morphological structure. The effect of DS on the SP/CL/ TAP nanocomposite membranes was studied in terms of their swelling behavior, proton conductivity and methanol permeability. Field emission scanning electron micrographs (FESEM) and X~Ray diffraction (XRD) patterns confirmed that the Cloisite15Ae particles were completely distributed to allow the nanosize dispersion in the polymer matrix. The swelling behavior of SPEEK membrane at DS of 88% was improved in the presence of Cioisite15A® and TAP. All SPEEK nenocomposlte membranes studied exhibited improved methanol barrier properties compared with the parent SPEEK membranes. Owing to significant conductivity, remarkable barrier properties, high swelling stability and outperformed DMFC performance, SP63/CL/TAP nanocomposite membranes can be considered as a polymer electrolyte membrane for DMFC applications.
INTRODUCTION
Over the last decade, polymer-inorganic composite ionic membranes have gained tremendous attention for the application in direct methanol fuel cell (DMFC). The addition of a functional inorganic,which includes the inorganic filler with the presence of functional groups such as sulfonics, phosphonic acids, and quarternary ammonium salts and etc., or nonfunctional inorganic, i.e., weak ionic groups, for instance, carboxylic acids, hydroxyls, and primary, secondary and tertiary amine groups, into the organic material is usually practiced in proton exchange membranes (PEMs) to improve their mechanicaland thermal stability, and performance. For decades, in the development process, perfluorosulfonated membranes and their composites with inorganic materials have been dominated and exhibited better thermal, mechanical stability and proton conductivities for DMFC. Concurrently, composite of hydrocarbon polymers, such as poly (ether ether ketone), poly (benzimidazole), poly (sulfone), poly (vinyl alcohol) etc., have been developed as alternatives to the high cost perflurinated membranes [1] [2] [3] .
The transport of proton in the PEMs is greatly affectedby the presence ofwater molecules. Water molecules provide a probe of the local environment and hydrogen bond network dynamics of water confined in the hydrophilic region of cation exchange membrane materials.
Therefore, water provides a better medium for protons to extremelymobile than in common ions environment. This is the result of the fact that proton in water does not take place through normal diffusion, but via a process where hydrogen bonds between water molecules are converted into covalent bonds, and vice versa [4] . Simultaneously, the transport of methanol through PEMs was also driven by the water molecules. However, this phenomenon will contribute to methanol crossover in which not favorable for DMFC application. Therefore, the development of new membranes which can conduct protons with little or no water and prevent methanol permeability would be the greatest challenge in the fuel cell community.
One of the promising strategies to improve PEMs performanceis through improvingthe water management by incorporation of nanometer sized particles such as silica, titania and zirconia, which significantly can act as a water reservoir. Silica family attracted much attention in the development of polymer-inorganic membranes owing to its physical and chemical stability [S] . The addition of highly crystalline silica does not contributed to the formation of a uniform polymer solution because of its chemical or physical interaction is limited to the external surface (active surface). Therefore, the selection of amorphous silica clay is more favorable [6J. The modification of well ordered silica materials such as montmorillonite (MMT) into more amorphous clay, for instance the Cloisite clays, is crucial in order to improve the processabilily and performance of the polymer-inorganic materials. Cioisite1SA® possesses the largest basal spacing (d spacing), i.e., 31.SA as compared to the other commercial Cloisite clays available in the market. Therefore, Cloisite lSA ® is more flexible, thus can be fabricated according to the application commonly used in modifying the properties of the ionic polymers [7J.
The commercially available silicananoparticles i.e., nanosilica powder is mainly produced by the fuming and precipitation method in the industrial application. Fumedsilicais a fine, white, odorless, and tasteless amorphous powder. In addition, fumed silica has an extremely large surface area with smooth nonporous surface, which could promote strong physical contact between the filler and the polymer matrix. Precipitated silica is a fine hydrated silica particle. In these two nanosilica materials, the precipitated silica is rarely used due to the presence of more silanol (Si-OH) groups on the surface and consequently it is much easier to agglomerate than fumed silica. The presence of the hydroxyl groups on the surface holds individual silica particles together and formed aggregate which in turn remain intact even under the best mixing condition during dope formulation [8] . With respect to Cloisite lSA ®, it can be seen from Figure 1 that there is no hydroxyl groups presence in the chemical structure of Cloisite lSA ®bound to the organic modifier [9] . Therefore, Cloisite 1SA® is supposed to belong to the fumed silica category. However, some researchers reported that Cloisite lSA ® particles were not well dispersed in the hydrocarbon polymer matrix [10] . This might be due to the presence of some Si-OH groups in the MMT clay structure, because it is assumed that the amount of Si-OH present in the MMT structure remains unchanged even after the attachment of the surfactant.
Addition of a compatibilizer such as 2,4, 6-triaminopyrimidine (TAP) into the dope, instead of just Cioisite1SA®, is promising to enhance the compatibility between SPEEK and Cioisite1SA® particle thus increasing the degree of dispersion of Cioisite1SA® particles. Based on our best knowledge, these aspects were rarely studied. Therefore, the objective of this work is to study the effect of different degrees of substitution (DS) of SPEEK on the morphological structures, swelling behaviors and performance for DMFC application for the membranes fabricated from the mixtures of Cioisite1SA®, TAP and the SPEEKs. 
Materials
Poly (ether ether ketone) (PEEK) was obtained from Vitrex Inc., USA. Concentrated sulfuric acid (95-97%) purchased from QRex was used as the sulfonating agent for sulfonation process. Cioisite15A® was obtained from Southern Clay Products, Inc. and was used as received. The typical dry particle sizes of Cioisite15A ® is 10% less than 20m, 50% less than 60m and 90% less than 130m. Dimethylsulfoxide (DMSO) and 2,4,6-triaminopyrimidine (TAP) were obtained from Sigma-Aldrich and used as supplied as the solvent and as the compatibilizer, respectively.
Sulfonation Reaction Process
Sulfonation was carried out according to the method described elsewhere [11] . A mixture of 50 g PEEK and 1000 ml sulfuric acid was magnetically stirred at room temperature for 1 h. Then the solution was continuously stirred at 55'C, 60'C, 65'C and 70'C for 3 h in order to obtain different degrees of sulfonation (DS). The sulfonated polymerwas recovered by precipitating theaciclpolymer solution into a large excess of ice:cube. ' Th,,' resulted SPEEK polymer was filtered and washed thoroughly with deionized water until the pH (use pH paper) became 6 to 7. Finally, the sulfonated PEEK polymer was dried in the drying oven at 100'C for 24 h.
2.3 Preparation of Nanocomposile Membrane 10 wt. % of SPEEK solution was first prepared by dissolving SPEEK in DMSO. Desired amounts of Cioisite15A ® (0.1 g) and TAP (0.1 g) were added to a small amount of DMSO in another container and the mixture was vigorously stirred for 24 h at room temperature. The latter mixture was then added to the SPEEK solution so that the total amount of DMSO becomes 90 mL. This mixture was formulated to produce the SPEEK membrane composited with 1.0 wt. % of Cloisite15A® and 1.0 wt. % ofTAP. The SPEEK containing mixture was again vigorously stirred for 24 h at room temperature to produce a homogeneous solution. Before proceeding to the casting process, the mixture was heated to 100°C to evaporate the DMSO solvent. This preparation method was known as solution intercalation method.
The polymer dope was then cast on a glass plate with a casting knife to form a solution film. The resultant filmwas then dried in a vacuum oven for 24h at 80'C. The membrane was further dried for 6 h at 100°Cto remove the residual solvent. After being detached from the glass plate, by immersing the membrane together with the glass plate into water, the membrane was dried for 3 days in a vacuum oven at 80°C. Finally, the membrane was treated with 1 M sulfuric acid solution for 1 day at room temperature and subsequently rinsed with waterseveral times to remove the remaining acid.
Characterization Methods
rnadditi" is the weight load of additives incorporated into the SPEEK formulation.
Morphological Characterization
For observation of the dispersion of Cloisite 15A® in the SPEEK/Cloisite 15A®/TAP membrane, the Field-Emission Scanning Electron Microscopy (FESEM) (JSM-6701F, JEOL USA, Inc.,) with resolution of 25,000 magnification was used.
where, rnSPEEK is the weight load of SPEEK and
It should be mentioned that the equivalent weight of SPEEK in hydrogen form and PEEK are 368 and 288 respectively. The number (80) resulted from the difference between these two unit molecular weights [13] .
Once the IEC of parent SPEEK was obtained from the 'H-NMRanalysis, the IECofthe SPEEK rianocomposlte membranes can be estimated by 'the following Equation [13J. 
X-rayDiffractionAnaIysis (XRD)
Membrane samples with 2.5 em of diameter were dried in an oven at 60°C for 48 h. The weighed or dimensions (thickness/diameter) measured films were then soaked in deionized water overnight at room temperature and at elevated temperature and then blotted dry with absorbent paper to remove any surface moisture, and then reweighed or measured the membranes' dimensions. Similar method was repeated for methanol solution swelling behavior with different methanol concentration and was carried out at room temperature. Later, the water/methanol uptake was calculated as follows,
where, Wwet is the weight of the wet membrane and Wdry the weight of the dry membrane.
The dimensional change ratio in plane and thickness was defined by Equation (5) and (6), (1) 
Magnetic Resonance 2.4.1 Nuclear Spectroscopy
Proton-nuclear magnetic resonance eH-NMR) spectroscopy was used to determine the degree of sulfonation (DS) of parent SPEEK membranes. Based on the DS obtained, the ion exchange capacity (IEC) can be determined as well. 'H_ NMR spectra were recorded on a NMR spectrometer (Varian Unity Inova, Bruker, Switzerland) at a resonance frequency of 399.961 MHz at room temperature. For each analysis, 3 wt. % polymer solutions were prepared in deuterated dimethyl sulfoxide (DMSO-d 6 ) . The DS was determined by comparative integration of distinct aromatic signals. The ion exchange capacity (lEe) and DS of SPEEK in hydrogen form are related to each other by the following Equation [12] . (7) respectively. For the dimensional change ratio in plane, the length of the membrane was measured in different directions on the membrane surface and the resulting values were averaged. For the dimensional change ratio in thickness, the thickness of the wet tested membranes was measured by using the digital micrometer and three replicates data was taken and the results were presented as average data.
DS%= 288(IEC) xlOO lOOO-80(IEC)
L wy (5) where, Lw" is the length (in diameter) of the wet membrane and L dry the length ofthe dry membrane. 
d -d Swelling in thickness =

Proton Conductivity Measurement
The proton conductivity of the membrane was measured by AC impedance technique using a Solartron impedance-gain phase analyzer as detailed elsewhere [14J. All impedance measurements were performed at room temperature and 100% relative humidity (RH). The membrane resistance, R, was obtained from the intercept of the impedance curve with the realaxis at the high frequency end. Then, proton conductivity of membrane, a (Sm'). was calculated according to Equation (7). 
Methanol PermeabilityMeasurement
The methanol permeability of SPEEK and its nanoccmposite membranes was measured as described in the previous work [14] . Equation (8) expresses the methanol permeability of the membranes. The methanol permeability test was carried out for 3 h at room temperature. The methanol permeability, P, value was calculated using the following equation,
where, P is methanol permeability, a = (t -to) 
DMFC Performance
The active surface area of the MEA was 5.0 crrr' and was composed of PtRu-supported carbon catalyst (1.0 mg/cm' as Pt amount) with binder of Nafion DEI021CS (Binder/ Carbon = 1) for cathode. PtRu-supported carbon catalyst (1.0 mg/ em' as Pt amount) with binder of Nafion DEI021CS (Binder/ Carbon = 0.75) was used in anode. MEAs from the tested membranes were prepared by hot pressing the membranes on the electrodes. After conducting the MEAs at different pressure, temperature and time consuming to adhere the PEM and electrodes, it was found that the at 3 Nm pressure and 80°Cfor 2 min could prevent leakage at the electrodes edge that contact with PEM. The single DMFC performance was evaluated by recording the cell voltage vs. current density curves using a fuel cell analyzer test system (PR0200F, PRO-POWER communication Co. Ltd. USA). PROF200F is designed to allow current loading up to 20 A through fuel (fuelsupply controlled by stepping motor) and air flow rate control (air supply controlled by automatic air controller). It provides Windows XP environment (2) with simple data storage and Excel conversion to facilitate understanding of test conditions and obtaining result values. Air rate (100 % relative humidity)with flowrate 100 ccmin? and methanol (3 M) with flow rate 1 ccmin", were supplied to the cathode and anode, respectively. The gold coated electronic load terminal was designed to exactly measure load by minimizing electric resistance. This is therefore, the current load, temperature, air and fuel flow rate can varies automatically. The current loadings were varied from 50-300 macm" for 20 min. The sequence current changes were repeated two times after cell temperature became 60'C. Once the temperature became 6WC, the DMFC performance measurement was conducted three times,and the results were presented as the average data.
RESULTS AND DISCUSSION
SPEEK and SPEEKICloisiteI5A®/TAP
Nanocomposite Membranes SPEEK consists of highly hydrophilic charged sulfonic acid group and highlyhydrophobic PEEK backbone, therefore SPEEK is differentiated into two environments, the hydrophilic environment (consisting of the polar S03H groups) and the hydrophobic environment (consisting of the rest of the SPEEK matrix) [15] . In this work, the degree of sulfonation was controlled by varying the temperature while maintaining the reaction time. Table 1 summarizes the sulfonation conditions of SPEEK with different DSs. Homogenous dispersion of nano-meter sized inorganicfillers into sulfonated polymers is known to generate nanocomposite membranes with improved morphological stability induced by hydrogen bonding, thus allowing to maintain conductive properties without excessive swelling [16] . In the present work nanocomposite membranes were fabricated from the solutions in which intercalated Cioisite15A® particles were dispersed into SPEEK matrix in the presence of TAP (compatibilizer). Thus, the prior contribution of this work was to fill the space between Cioisite15A® particles and the SPEEK matrix with the compatibilizer and to form disordered Cioisite15A® network. The idea of incorporating Cioisite15A® into SPEEK with various degrees of sulfonation (DS) arose because it was realized that SPEEKs of high DSs tend to swell in water and methanol even at room temperature [17] . Incorporation of the Cioisite15A ® and TAP in SPEEK is believed to enable the water content management by providing additional water reservoir without having excessive membrane swelling.
Degree of Sulfonation (DS) and Ion
Exchange Capacity (IEC) Studies by using IH.NMR 1H-NMR analysis was performed to determine the DS and IEC of the SPEEK. Once the IEC value ofthe SPEEKwith various DSs was obtained from the IH-NMR, the IEC of the SPEEK nanocomposite membranes was estimated by using Equation (2) . Thble 1 shows the IEC values of the parent SPEEK and the SPEEK nanocomposite membranes. It is clearly showed that the SPEEK nanocomposite membranes have lower IECvalues than the parent SPEEK membranes with similar DS. This phenomenon is natural because in the presence of filler, the weight of the membrane is increased. Thus the concentration of sulfonic acid groups in the polymer chain was decreased per unit volume [18] [19] . The morphology of the Cloisite15A® particles and SPEEK/ Cloisite15A®/ TAP nanocomposite membrane with different DSs was also determined by using the XRD patterns, which are illustrated in Figure 4 and 5, respectively. Some researchers reported that there were two diffraction peaks, i.e., 28 -7' and 19' that reflected the planes (001) and (002), respectively, of the corresponding Cloisite15A® clay [20, 21] . However, in this study, the XRD patterns of the corresponding clay were only observed in a small angle part in the range of 2' to 10' of 28 scale However, all SPEEK/ Cioisite15A® /TAP membranes showed featureless of this diffraction peak in which indicates a successful incorporation of Cioisite15A® in SPEEK matrices [14] . The second diffraction peak performed the position of plane (001) of Cloisite15A ® clay [21] . From Figure 5 , it can be seen that all SPEEK nanocomposite membranes showed lower intensity of the plane (001) diffraction peak than that of pure Cioisite15A®. Therefore, it can be deduced that the Cioisite15A® particles were successfully integrated in the SPEEK polymer matrix because of the presence of TAP Excluding SP63/CVTAP membrane, it was observed that, the intensity of the peak that corresponding to the plane (001) increased as the DS of the SPEEK nanocomposite membranes increased. The high intensity of the corresponding peak for the SP77/ CL/TAP and SP88/CL/TAP membranes occurred might be because of the cracks observed on the surface of the membranes as confirmed by the FESEM images. SP77/CL/TAP and SP88/CL/ TAP membranes showed the diffraction peak at 25 nm) , respectively. Since that both particular composite membranes showed higher d OOI than the pure Clo is ite Ifi A'", it means that the intercalated nanocomposite is obtained. The broadening peak of the diffraction plane (001) for the SP50/CL/TAP membrane indicates a possible formation of partial exfoliation composite structure. The failure of SP50/CL/ TAP membrane to perform exfoliation composite structure might be due to the low concentration of sulfonic acid group in the polymer matrix that that can be attached to the Cioisite15A®. Interestingly, it can be seen that, SP63/CL/TAP sample shows the broadest of the peak at plane (001) until the peak seems cannot be observed. This finding indicates that a partial exfoliated or exfoliated nanocomposite structure has been formed [22] . It can be concluded that the addition of Cloisite15A® particles in the appropriated or optimum degree of sulfonation (DS) of SPEEK, i.e., 63 %,along with the TAP assistance provides the best compatibility that possibly served a better polymer-inorganic nanocomposite electrolytes for DMFC application.
Swelling Behavior Study
The solubility properties, uptake behavior and dimensional stability of membranes are important parameters to take into consideration for the performance of DMFC. In this study, water and methanol uptake and dimensional stability of the membranes were chosen as the parameters to express the swelling behavior of the membrane. Infact in membranes made of sulfonated aromatic polymers, such as SPEEK, excessive swelling may lead to mechanical degradation and poor dimensional stability [23] . Therefore, it is crucial to further study the membrane stability in water and methanol solutions at room temperature or even at higher temperature for long term durability in the real DMFC system. Figure 6 illustrates the water uptake of SPEEK and SPEEK nanocomposite membranes for different DSs and temperatures. As can be seen, the water uptake of SPEEK increased with increasing DS and temperature. A similar trend was observed for SPEEK nanocomposite membranes. However, SPEEK nanocomposite membranes exhibited lower water uptake than their parent SPEEKmembranes of the similar DS, except for the SP50/CL/TAP membrane. Higher absorption capacity of SP50/CL/TAP than its parent SPEEK seems more natural considering the enhancement in the polarity in the composite membrane [24] . Surprisingly, other SPEEK nanocomposite membranes showed relatively lower water uptake as compared to their parent gPEEK membranes. It might suggest that a more compact network structure was formed, mainly due to (i) hydrogen bonding between amine groups (NH 2 ) ofTAP and sulfonic acid, ether and/ or ketone groups of SPEEK and carbonyl groups of Cloisite l Sz,", and/or (ii) electrostatic interaction between quaternary ammonium ion This interaction behavior has restricted sulfonic acid (S03H) groups and other polar groups from playing their roles in absorbing excessive water [25] . However, the reduction in water absorption of SPEEK nanocomposite membranes observed I was not too strong. In other words, the moderate and appropriate water retained in SPEEK nanocomposite membranes was still encouraging other properties especially the conductivity. The solubility properties of SPEEK nanocomposite membranes were much improved compared to the parent SPEEK membranes. For example, the SP88 membrane starts to dissolve in water at 40°C and SPP77 membrane is soluble at 80°C.On the other hand, both SP88/CL/TAP and SP77/CL/TAP membranes were insoluble in water even at 80°C. It is suggested that the solubility of SPEEK nanocomposite membrane was dominantly dependent on the barrier properties towards highly polar molecules such as water that are possessed by the inorganic filler such as Cioisite15A® [9] .
The methanol uptake capability that is related to the electrochemical properties of the polymer electrolyte membranes was also determined. Figure 7 presents the water and methanol uptakes of SPEEK and SPEEK nanocomposite membranes with various DSs at room temperature. The amount of water and methanol uptakes in the SPEEK membranes were strongly dependent upon the amount of sulfonic acid groups attached. Similar trend was observed for SPEEK nanocomposite membranes. Interestingly, all SPEEK and SPEEK nanocomposite membranes except SP88 showed lower methanol uptake than that of water uptake. It was agreed that degree of swelling of polymeric membrane in solvent is proportional to the hydrogen bonding capability of solvent. The hydrogen bonding in methanol is not as strong as it is in water. This is because the 0 atom (from water or methanol molecules) does not have as much as partial negative charge in methanol as it does in water since the C (from methanol molecule) atom draws away some of the negative charge and simultaneously makes the hydrogen atom in methanol does not have as much positive charge as in water. Hence, it can be concluded that the Figure 7 also shows that SPEEK and its nanocomposite membranes, except SP88, showed a gradual decreased methanol uptake while increasing methanol concentration up to 2 M. A comparable finding was reported by Yang on SPEEK/polyvinyl alcohol (PVA) blends membranes [28] . Interestingly, SP63, SPSO/CL/ TAP and SP63/CL/TAP membranes showed a remarkable influence on the absorption behaviors in methanol solution with concentration of 3 M and 5 M, whereas SP77 and SP88 and their nanocomposites with similar DS were degradable. As discussed above, this probably due to the reactivity changes of hydrogen bonding in methanol in which assist to an increase in the polarity of the methanol as in total when the methanol solution concentrations increased [26] . In addition, it was also suggested that the higher concentration of methanol solutions used results in higher methanol uptake was caused by the potentially higher rates of methanol transport into the membranes [29] .
It clearly shows that Cloisite 15A® and TAP loadings has significant effects on the swelling behavior in methanol solutions. The addition of Cloisite 15A® and TAP decreased the methanol uptake at all tested methanol concentrations. In other words, Cloisite 15A® and TAP limit the solvent uptake activities in SPEEr{ nanocomposite membranes to avoid an excessive swelling. Besides having the advantages of high aspect ratios of Cloisite 15A®, the lower solvent uptake of SPEEK nanocomposite membranes as compared to SPEEK membranes for both in water and methanol is also suggested contributed by the presence of TAP since the 0 atoms (from sulfonic groups and functional groups of Cloisite15A®) are already bound to TAP and the amount of available 0 atoms to produce hydrogen bonding with water and methanol become less, thus reducing the water and methanol uptakes in SPEEKnanocompositemembranes [14, 26] . This behavior also suggests a lower mass diffusion transfer through the SPEEK nanocomposite especially SP63/CL/TAP as compared to SP63 in the range of methanol concentrations tested. This evidence is confirmed by open circuit voltage (OCV) values obtained from polarization measurements (Figure 10) . Table 2 shows the dimensional changes resulting from immersion of the membrane in water and methanol solution (1 M) for the SPEEK and SPEEK nanocornposite membranes. The introduction of CloisitelSA ® and TAP significantly contributed to a positive impact on the swelling behavior of SPEEK membranes. It can be seen that, the addition of CloisitelSA® and TAP decreased the swelling ratio in plane direction and increased that in thickness direction from parent SPEEK membranes to nanocomposite SPEEK membranes for both water and methanol solution. Interestingly, some SPEEK nanocomposite membranes such as SP88/CL/TAP showed the negative sign for the swelling in plane value (membrane diameter became shorter after soaking in 1M methanol solution) due to the significant increase in its thickness direction. This significant finding gives a beneficial impact to the real DMFC system as this behavior might reinforce the contact between current collectors and membrane electrolyte assembly (MEA), thus increase the overall DMFC performance [28, 30] .
The remarkable improvement in the swelling properties observed for the SPEEK nanocomposite membranes, especially for the SP88/CL/TAP membrane encourages us to use SPEEK of high DS for the fabrication of polymer electrolyte membranes for DMFC by incorporating Cioisite15A ® and TAP.
Proton Conductivity of SPEEK and SPEEK' Nanocomposite Membranes
Water content of polymeric material has a considerable effect on proton conductivity. The higher the water content, the higher the conductivity will be. However, for polymerinorganic membrane materials, the proton conductivity is also strongly dependant on the type offunctional groups present in the inorganic filler [9] . His proven to be partially true when the water uptake values in Figure 6 are compared with the proton conductivity results depicted in Figure 8 ; i.e., the conductivity of the SPEEK membrane increases together with the water uptake as the DS increases until the conductivity finally reaches 8.15 X 10'3 S em'! at 25'C for the SP88 membrane. In fact, the high ionic conductivity at the elevated sulfonation level is attributed to the more interconnection of swollen ionic domains of the membrane to form a wellconnected network structure, which facilitates proton conduction [31] .
The SPEEK nanocomposite membranes behave similarly. The proton conductivity increases together with the water uptake as the DS increases. H should be noted that the proton conductivities of the SP63/CL/TAP and SP77/CL/TAP nanocomposite membrane were 1.02 X 10'2 S em'! and 1.03 x 10,2S em", respectively. These values are close to that of Nafion112 obtained under a similar condition, which is 1.16 x 10'2 S em", In particular, the proton conductivity of the SP88/CL/TAP nanocomposite membrane was 1.47 X 10'2 S em", which was higher than that of Nafion112. However, when the proton conductivity and the water uptake data of the SPEEKcomposite membranes are compared with those of the parent SPEEK membranes, a contrasting effect of the water uptake is observed, i.e. despite the decrease in water uptake, the proton conductivity remarkably increases from the SPEEK membrane to the SPEEK composite membrane. Therefore, it is concluded that the proton conductivity of SPEEK nanocomposite membranes depends on the functional groups involved. The availability of a strong ionic group in Cioisite15A®, i.e., quaternary ammonium salts significantly increases the proton conductivity of the parent SPEEKmembrane. In other words, the high proton conductivity of the SPEEK nanocomposite membranes is not only contributed by the S03H group in the SPEEK matrix but also from the conductive group in Cioisite15A®. The proton conductivity of SPEEK nanocomposite membranes was further enhanced by the exfoliated composite structure. Particularly in the case of SP63/CL/TAP membrane, nanosized ionic clusters are formed and will be availablefor proton conduction and make protons more mobile [32, 21] .
Methanol Permeability of SPEEI{ and SPEEK Nanocomposite Membranes
In general, incorporation of the silicate layers into polyelectrolytes restricts the accessible nanometric channels for migration of polar molecules such as hydrogen ions, water and methanol molecules. This approach is crucial because membranes with lower methanol permeability allow higher methanol feed concentration, thus promoting the effective energy density of a fuel cell system [33] . Figure 8 shows that methanol permeability values of the SPEEK membranes increase as the DS increases. A similar trend was observed for the SPEEK nanocomposite membranes. The increment in methanol permeability is closely related to the water uptake ability of the membranes. From Figure 8 , a dramatic decrease in methanol permeability is observed from the SPEEK to the nanocomposite membranes of the same DS. A comparable finding was also reported by a number of researchers [34 -36] . The shape of Cioisite15A® nanofiller has a longer length than its width. The ratio of length to width of the filler is known as the aspect ratio. High aspect ratios of Cloisite15A® particles effectivelyreduce the area available for the methanol diffusion process. The lamellar elements (stacked silicate layers) of Cioisite15A ® not only display high aspect ratio but also high in-plane strength until Cloisite15A® was able to discriminate methanol molecules to pass through it [37] . This behavior has significantly contributed to the decrease of methanol permeability of the SPEEK nanocomposite membranes. Unfortunately, both Figure 8 Proton conductivity and methanol permeability of SPEEK and SPEEK nanocomposite membranes SP77/CL/TAP and SP88/CL/TAP nanocomposite membranes showed increase in methanol permeability from SP50/CL/TAP and SP63/CL/TAP nanocomposite membranes. Probably, the defects on the surface of the SP77/ CL/TAP and SP88/CLjTAP membranes, as observed in the FESEM images given in Figure  2 (c) and (d), caused those membranes to exhibit high methanol permeability. This is due to poor dispersion of Cioisite15A® fillers at the fractured areas on the membrane surface. Thus, the intrinsic methanol permeability of the parent SPEEK was quickly approached.
Membrane Selectivity
Addition of Cloisite15A@and TAP to SPEEKhas an important influence on both the proton conductivity and methanol permeability. In order to identifythe optimum membrane from the tested membranes, it is worth analyzing the membrane dependency on the ratio of the protonic conductivity to the methanol permeability (membrane selectivity). From Figure 9 , a significantfluctuation in the membrane selectivity values is observed. For SPEEK membranes, the selectivity for SP63 is the highest. This was apparently due to a dramatic increase in proton conductivity from SP50 to SP63. For SPEEK nanocomposite membranes, the selectivity values for SP50/CL/TAP and SP63/CL/TAP are not significantly different, since the methanol permeabilities of these membranes are almost the same. However, SP63/CL/TAP membrane showed a slightly higher selectivity due to its higher proton conductivity. Beyond 63% DS, the membrane selectivity decreases for both the SPEEK and the nanocomposite membrane mainly because of a dramatic increase in methanol permeability.
From these results it can be concluded that the SP50/CL/TAP and the SP63/CL/TAP membranes are the best among the studied membranes in terms of their selectivity.
DMFC Performance
Polarization measurements can also been used to verify the impact of conductivity and methanol permeability on MEA behavior. Figure 10 summarizes polarization curves of cell potential versus current density and power density versus current density obtained from SP63 and SP63/ CL/TAP with 3 M methanol solution.
The open circuit voltage correlates with the crossover of methanol through the MEA. Since similar electrodes were used throughout the DMFC performance testing, it can be said that the ocv is reduced by mass diffusion [38] . OCV values in Figure 10 indicated that the higher is the mass diffusion (as previously discussed) the lower is the OCV value. This effect is more evident for SP63 membrane than for SP63/CL/TAP when the OCV value of SP63 (0.51 V) recorded was lower than that of SP63/CL/TAP (0.54 V), It was observed that, in the first two regions of cell potential versus current density polarization curve, i.e., activation polarization and ohmic shown in Figure 8 , its ohmic polarization curve was more pronounced than SP63. This might be due to the increased of the interface resistance between electrodes and the membrane in the MEA attributed to the incompatibility of the MEA structure with the SP63/CL/TAP membrane [39] . Interestingly, it was discovered that SP63/CL/ TAP shows wider ohmic polarization range of 75-175 mAcm'2 as compared to SP63, i.e., 7"5-125 mAcm'2. In addition, the polarization curve was found to be affected by the mass transport limitation at 200 mWcm,2 and 150 mWcm'2 for SP63/CL/TAP and SP63, respectively. Hence, it was also observed that SP63/CL/TAP curve also showed lower voltage drop as compared to SP63 as a result of lower methanol crossover. Consequently this result indicated that the mass loss transfer is rather slow for the SP63/CL/TAP nanocomposite MEA. The highest power density recorded from SP63 and SP63/CL/TAP MEAs are 38.5 mWcm,2 and 35 mWcm'2, respectively. The performance results indicated that the addition of Cloisite15A® and TAP have indeed enhanced the DMFC performances.
CONCLUSION
SPEEKs with various DSs were successfully mixed with Cloisite15A® in the presence of TAP as a compatibilizer. Considering its acceptable proton conductivity, low methanol permeability and swelling stability, SP63/CL/TAP can be accepted as the optimum SPEEK nanocomposite membrane. It would be interesting to investigate the effect of Cloisite 15A® and TAP loading to optimize the membrane fabrication conditions. The incorporation of TAP allowed homogenous dispersion of filler particles in the matrix of SPEEKs with different DSs. The swelling stability was remarkably improved by the filler incorporation. In particular, SP88/CL/TAP membrane was found insoluble in water even at 80°C despite the very high DS of the SPEEK The DMFC performance testing revealed that the SP63/CL/TAP nanocomposite membrane was outperformed SP63. Therefore, it can be concluded that the incorporation of both Cloisite 15A® and TAP is indeed an effective approach to improve the physicochemical properties and performance of SPEEK based electrolyte membranes for DMFC application.
